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(57) Abstract: The present invention provides a silicon wave-guide (3), with a silicon oxide cladding (2, 4) on a silicon substrate 
(1). At predetermined positions along the length of the wave-guide, are created metal oxide semiconductor (MOS) structures. A 
poly-silicon, or any other conductive layer (5), is deposited and patterned above the upper cladding (4) and electrical contacts are 
made to the substrate (1), the silicon wave-guide (3), and the poly-silicon layer (5). Upon the application of a potential difference 
between at least two of the layers from the group comprising the substrate (1), the silicon wave-guide (3), and the poly-silicon layer 
(5), the free carrier concentration at the top and/or bottom layer of the silicon wave-guide (3) is changed by the electric field. The 
change in the electric field results in a change in the index of refraction, and the change in the index of refraction causes a change 
in the optical mode propagating in the waveguide (3). The propagation is controlled by controlling the changes in the electric field, 
which can be enhanced by localized changes in the optical properties of the wave-guide (3) induced by ion implantation (6) or 
trapping of photo-carriers. 
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SILICON LIGHT WAVEGUIDE WITH MOS CAPACITORS POSITIONED ON THE WAVEGUIDE 

Field of the Invention 

The present invention is related to the field of electro-optical devices. More 
specifically, it is related to electro-optical devices monolithically produced 
on silicon. 

BACKGROUND of the Invention 

A critical missing element in the rapid development of the field of 
optoelectric communications systems is the existence of means for direct 
electrical control of the optical mode propagating in a slab wave-guide in 
which the entire structure, both wave-guide and control means, are 
monolithically created from silicon by using techniques that are fully 
compatible with current very large scale integrated (VLSI) technologies. 

The basic effect needed to supply such a solution is known and is based on 
the influence of the refractive index of a medium on the wave properties of 
an electromagnetic wave propagating in the medium. The effect of the free 
carriers on the index of refraction in silicon, in a metal oxide semiconductor 
(MOS) structure has been demonstrated via' the electro-reflectance effect 
[J.A. Batista, A.M. Mansanares, E.C. da Silva, "Photothermal and 
Electroreflectance images of biased metal-oxide-semiconductor field-effect 
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transistors: Six different kinds of subsurface microscopy", J. Appl. Phys., 82 
(1), pp 423-426 July (1997)]. Also a Mach-Zehnder modulator based on 
injection of free carriers has been shown [G.V. Treyz, P.G. May, Jean-Marc 
Halbout, "Silicon Mach-Zehnder waveguide interferometers based on the 
plasma dispersion effects", AppL Phys. Lett. 59 (7), pp 771-773 August 
(1991)]. In addition, the injection of free carriers has been u tiliz ed for 
wavelength de-multiplexing [Baojun Li et.al., " Y-Branch 1,3/1.55 \nn 
wavelength demultiplexer based on the plasma dispersion effect", Thin 
Solid Films 369 pp 419-422 (2000)]. However, no previous work on the use 
of the plasma dispersion effect in MOS capacitor structures for the mode 
control in optical wave-guides is known to the inventors. 

It is therefore a purpose of the present invention to provide electro-optical 
devices for electrical control of the optical mode propagating in a slab wave- 
guide which are created monolithically on a silicon substrate. 

It is another purpose of the present invention to provide electro-optical 
devices whose production is based entirely on well-established silicon 
technology. 

It is yet another purpose of the present invention to provide electro-optical 
devices which operate at gigahertz frequencies. 
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It is a further purpose of the present invention to provide electro-optical 
devices whose cost of production is relatively low. 

It is a still further purpose of the present invention to provide a method of 
monoHthically producing electro-optical devices for electrical control of the 
optical mode propagating in a slab wave-guide which are created 
monoHthically on a silicon substrate. 

Further purposes and advantages of this invention will appear as the 
description proceeds. 

Summary of the Invention 

The present invention is .concerned with providing electro-optical devices 
based on the electrical field effect in a metal oxide semiconductor (MOS) 
structure to control the optical mode propagating in a silicon wave-guide. 
The devices of the invention are fully compatible with current silicon SOI 
(silicon on insulator) CMOS (complementary metal-oxide semiconductor) 
technologies. The basic structure of the devices is a silicon wave-guide with 
silicon oxide cladding. Above the upper cladding a poly-silicon layer is 
deposited and patterned. Thus along the wave-guide, MOS capacitors are 
produced over segments of the wave-guide. Upon the application of a 
potential difference between the silicon wave-guide and the poly-silicon gate 
electrode, spatial modulation of the free carrier concentration is produced by 
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means of field induced charging of the MOS capacitor. Since the index of 
refraction of silicon depends on the free carrier concentration, the resulting 
structure is an electrically switchable wave-guide in which certain sections 
contain perturbations in the index of refraction. 



The field effect can be enhanced by additional predetermined localized 
changes in the optical properties of the waveguide. These changes are 
achieved by several methods such as lithographically controlled ion 
implantation during the wafer processing or by laser interference spatially 
modulated internal photo emission of electrons in the finished MOS 
structure which are consequently trapped in pre existing traps, such as an 
oxide-nitride-oxide (ONO) structure, in the MOS insulating layer [E. 
Suzuki, H. Hiraishi, K Ishii, and Y. Hayashi, "A Low-Voltage Alterable 
EEPROM with Metal-Oxide-Nitride-Oxide-Semiconductor (MONOS) 
Structures", IEEE Transactions on Electron Devices, Vol. ED-30, No.2, 
February, 1983, pp.122-128]. 

Examples of the devices employing the structure of the invention are Mach- 
Zehnder interferometers and Bragg reflectors. The first devices serve as 
modulators or switches and the second are strongly wavelength selective, 
depending on the applied voltage and the periodicity and length of ion 
implantation or charge trapping. The Bragg reflector is the principal 
element in, for example, a wavelength dependent optical switch. The devices 
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of the invention allow the wave-guide to carry optical signals at different 
wavelengths. The devices of the invention allow dense wavelength division 
multiplexing (DWDM), since by switching on the appropriate section only 
one channel is reflected while the others continue undisturbed. 



In a first aspect, the present invention is directed towards providing a 
silicon wave-guide, with a silicon oxide cladding on a silicon substrate. At 
predetermined positions along the length of the wave-guide, are created 
metal oxide semiconductor (MOS) structures, comprising the following 
layers: 

a. a silicon substrate; 

b. a lower silicon-oxide cladding layer covering at least the 
part of the substrate under the wave-guide. 

c. the silicon waveguide created in a silicon layer formed 
above the lower silicon-oxide cladding layer; 

d. an upper silicon-oxide cladding layer covering the wave- 
guide; 

e. a poly-silicon or any other conductive layer deposited and 
patterned above the upper cladding; 

f. electrical contacts to the substrate, the silicon wave-guide, 
and the poly-silicon layer; and' 

g. optionally, a protective dielectric layer; 
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Upon the application of a potential difference between at least two of the 
layers from the group comprising the substrate, the silicon wave-guide, and 
the poly-silicon layer, the free carrier concentration at the top and/or bottom 
layer of the silicon wave- guide is changed by the electric field. The change 
in the electric field results in a change in the index of refraction, and the 
change in the index of refraction causes a change in the optical mode 
propagating in the waveguide. The propagation is controlled by controlling 
the changes in the electric field. 

In a preferred embodiment of the invention, the silicon substrate, the lower 
silicon-oxide cladding layer, and the silicon layer in which the wave-guide is 
created comprise a silicon on insulator (SOI) structure. 

The field induced change in the optical mode propagating in the waveguide 
can be enhanced by additional predetermined localized changes in the 
optical properties of the waveguide, which can be different for each of the 
MOS structures created along the length of the wave-guide. The method of 
achieving the predetermined localized changes can be either: 

a. lithographically controlled ion implantation during the wafer 
processing; or 

b. laser interference spatially modulated internal photo 
emission of electrons in the finished MOS structure which 
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are consequently trapped in pre existing traps, for example, 
in an oxide-nitride-oxide dielectric structure. 



In a second aspect, the present invention is directed towards providing an 
electro-optical device comprising a wave-guide of the type described above. 
The electro-optical device can be a Mach-Zehnder interferometer or a Bragg 
reflector. The electro-optical device can perform any of the wavelength 
selective functions needed in an optical communication system, including: 
modulation, demodulation, multiplexing, demultiplexing, switching, and 
routing. The electro-optical device can be comprised of multiple Bragg 
reflectors, each one designed to induce a change in a different optical mode 
selected from a multitude of optical modes propagating in the waveguide. 

In a third aspect, the present invention is directed toward providing a 
method for producing the waveguide described above. The method 
comprises the following steps: 

a. choosing a SOI wafer with proper layer thickness; 

b. thin thermal oxide growth; 

c. thin nitride deposition; 

d. photolithography of the waveguide pattern; 

e. nitride etch; 

f. definition of the waveguide pattern by local oxidation of 
silicon or by trench isolation; 
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g. removal of top nitride and oxide; 

h. growth of the gate oxide; 

i. photolithography of the periodic N+ implant including 
contact regions; 

j . ion implantation of arsenic; 
k. poly silicon deposition; 
1. poly silicon doping; 

m. photolithography of the gate electrode; and 
n. continuing with standard steps for contacts, metallization 
and passivation. 

All the above and other characteristics and advantages of the invention will 
be further understood through the following illustrative and non-limitative 
description of preferred embodiments thereof, with reference to the 
appended drawings. 

Brief Description of the Drawings 

- Fig. 1 is a schematic side view of the basic structure of the invention; 

- Fig. 2 is a schematic side view showing the regions of modulation of 
free charge carrier concentration by an electric field;. 

- Fig. 3 is a plot of the refractive index changes as a function of free 
carrier concentration; 
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- Fig. 4 is a plot of the absorption coefficient as a. function of the free 
carrier density; 

- Fig. 5 is a plot of the change of the propagation constant as a function 
of the layer thickness; 

- Fig. 6 is a schematic top view of a Mach-Zehnder interferometer, 
according to a preferred embodiment of the invention; 

- Fig. 7 is a schematic side view of a field induced Bragg reflector 
according to the invention showing the coordinate system and 
dimensions; 

- Fig. 8 shows the refractive index at the edge of the waveguide with no 
field applied; 

- Fig. 9 schematically shows the slab waveguide geometry; 

- Fig. 10 shows the propagation constants for the TEi mode in a Si 
waveguide in oxide as a function of waveguide thickness; 

- Fig. 11 shows the mode dependent part of the coupling constant as -a 
function of the waveguide thickness; 

- Fig. 12 shows graphically the relationship between the reflection 
coefficient and the length of the modulated section; 

- Fig. 13 shows the reflection coefficient as a function of wave-length 
deviation, for a 4 mm long modulated section of waveguide; and 

- Fig. 14 shows the amount of power leakage, as a fraction of maximum 
mode power, from the main waveguide to the electrode as a function 
of spacing between the waveguides. 
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Detailed Description o f Preferred Embodiments 

Fig. 1 is a schematic side view of the basic structure of the invention. A 
silicon waveguide 3 is created in the upper layer of a SOI (silicon on 
insulator) wafer. The lower two layers of the SOI wafer being the silicon 
substrate 1 and the silicon dioxide layer 2. Above the waveguide is a silicon 
dioxide upper cladding 4 and above the upper cladding a poly-silicon layer 5 
is deposited and patterned to form a poly-silicon electrode. Skilled persons 
will recognize that any other type of conductive layer may be substituted for 
the poly-silicon layer. 

This basic structure is farther processed in order to make electrical contacts 
to the substrate, the buried silicon wave-guide and the poly-silicon top 
layer, which may be covered with a protective layer (not shown in the 
figures) if desired. This protective layer may be of any suitable dielectric, 
including oxide. 

On application of a potential difference to the silicon wave-guide, relative to 
the poly-silicon and/or the silicon substrate, the free carrier concentration at 
the outer edge of the wave-guide is modulated, as depicted by layers 6 in 
Fig. 2. 
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The width of the charge accumulation regions is of the order of 100-200 
Angstroms, while 'the volume density can be a few times 10 18 cm- 3 for field 
strength for which the oxide layer will not break down. 

These regions have a different index of refraction due to the plasma effect 
as depicted in Fig. 3, which shows graphically the change in index of 
refraction as a function of the volume density of the free carriers with 
respect to intrinsic silicon (index of refraction = 3.4205 at 1.5 micron 
wavelength). Fig. 4 shows graphically the dependence of the absorption 
coefficient as a function of carrier density. On solving the structure of the 
optical TE mode propagating in the silicone wave-guide, one finds that the 
propagation constant along the wave-guide changes with the potential 
application. 

If the propagation of the wave along the silicon wave-guide (the z direction) 
is of the form e^, then the change in the propagation constant p is depicted 
in Fig. 5 as a function of layer thickness for a O.lp. wave-guide thickness and 
a charge volume density of 10 18 cm* 3 . The physical and mathematical 
relationships that are needed to produce the results shown in Figs. 2 to 5 
are discussed in more detail hereinbelow with respect to the Bragg reflector. 

It can be observed that for a length of about 3 mm and a charge layer of 
thickness of 100 Angstroms, the change is n in the total phase. Thus a 
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phase modulator is formed. Furthermore, if the activated wave-guide of the 
invention serves as one arm in a Mach-Zehnder interferometer while the 
second arm is a similar wave-guide with no electrical activation the output 
will vanish as total destructive interference will occur, forming an 
amplitude modulator. 

The top view of a Mach-Zehnder interferometer, according to a preferred 
embodiment of the invention, depicting only the Si wave-guide and one of 
the two poly-silicon electrodes is shown in Fig. 6. The structure of the 
interferometer, according to the invention, is based on a planar wave-guide 
3 created in the upper layer of a SOI wafer with poly-silicon electrodes. In 
one arm of the interferometer, a MOS capacitor 10 whose cross-section is 
shown in Fig. 1 is created. Arrows 11 and 12 represent the optical input and 
output respectively. 

The width of the silicon planar wave-guide 3 is on the order of IOji, which is 
wide enough optically to be considered as a planar wave-guide and can be 
realized with standard photolithography techniques. The length of the 
interferometer arms are approximately 5 mm long, thus enabling 
significant modulation depths to be obtained. 
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The basic configuration described hereinabove, can be applied in a wide 
range of electro-optic devices such as optical switches, routers, modulators, 
etc., which are adaptable for use in the DWDM communication approach if 
they are wavelength selective. Wavelength selectivity can be achieved, 
according to the invention, by periodic field effect zones of predetermined 
localized changes in the optical properties of the waveguide. These zones 
can be created by several methods, such as lithographically controlled ion 
implantation during the wafer processing or by laser interference spatially 
modulated internal photo emission of electrons in the finished MOS 
structure which are consequently trapped in pre existing traps, such as an 
oxide-nitride-oxide (ONO) structure, in the MOS insulating layer. 

As an illustrative and nonlimitative example of these more exotic devices, 
the basic properties and design considerations of a Bragg reflector operating 
at a wavelength of 1.5n will now be discussed. It should be clear to the 
experienced person that all the detailed dimensions and parameters used in 
the following description are for sake of illustration only. In principle the 
values of all of these parameters, including layer thickness, lateral 
dimensions, doping types, doping levels, etc., can vary widely for purposes of 
optimization of a particular application. 
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In order to realize' a Bragg filter in the MOS wave-guide one must be able to 
vary periodically the free carrier distribution along the wave-guide. In a 
preferred embodiment of the invention, this feature is obtained by 
periodically ion-implanting the top layer of the silicon wave-guide. The 
implanted regions will react differently to the applied potential, thus 
causing a periodic free carrier concentration on the outer layer of the wave- 
guide. 

Fig. 7 is a schematic side view of a field induced Bragg reflector constructed 
using the structure of the invention showing the coordinate system and 
dimensions. The basic structure of the device of the invention is a p-silicon 
waveguide 3 that is created in the upper layer of a SOI (silicon on insulator) 
wafer. The lower two layers of the SOI wafer being the silicon substrate 1 
and the silicon dioxide layer 2. 

The p-silicon wave guide 3 has a thickness of 2di and contains at certain 
sections along its length, periodic N+ ion implantation regions 6. The depth 
of the ion implanted N+ region is a, the period of the structure is A and for 
sake of simplicity, the width of the implanted N+ region is A/2. Above the 
waveguide is a silicon dioxide upper cladding 4 having thickness b. Above 
the upper cladding a poly-silicon layer 5 is deposited and patterned to form 
poly-silicon electrodes of thickness 2d2. Thus along the waveguide, metal 
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oxide semiconductor (MOS) capacitors are produced over the periodic 
implanted regions. The index of refraction of the silicon layers is ns, that of 
the oxide layers is n 0 and the index of refraction of the perturbed regions is 
n.p. 

The device operation is based on the refractive index variations due to the 
plasma effect of free carriers. The subject is well known [B. Jensen in E.D. 
Pallick Ed., 'Handbook of Optical Constants of Solids", Vol. 1, Academic 
Press (1985), Chapter 9 pp. 169-170] and can be summarized as follows: 

The plasma frequency cd p is defined as follows: 



Ne 1 



2 




in MKS units 



with : N the volume density of the free carriers [m" 8 ]; 



e the electron charge; and 



m^ the effective mass (electron or hole). 



For silicon : m e = 0.26m 0 , m h = 0.38m 0 , e B = 11.7 



Let t be the mean scattering time, where for silicon t = 10 13 sec. Define: 
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11 = 1 + 



2 2 ' 
T CD 



1 



; Bj =6,(1- 




2 



ttp /~i ; 



TOO TJ 



Then: 



The real part of the refractive index 



n = V( e+s i) /2 ; 



The imaginary part of the refractive index k = ^/(e-s^/2; 



The absorbtion coefficient 



a = 2a>k/c; and 



The reflectivity 



, (n-l) 2 +k 2 
= (n + l) 2 +k 2 



The plot of the refractive index changes at a wavelength of 1,5jli in silicon as 
a function of free carrier concentration, and with respect to intrinsic silicon, 
is shown in Fig. 3, for electrons (top line) and holes (bottom line). The plot of 
the absorption coefficient at a wavelength of 1.5n in silicon as a function of 
the free carrier concentration is seen in Fig. 4, also for electrons (top line) 
and holes (bottom line). 

From Fig. 3, it can be seen that for densities of about 2. 10 18 cm- 3 , a change 
of about 0.002 in the refractive index is expected. And from Fig. 4, it can be 
seen that, at this density, the absorption coefficient is about 0.1 cm- 1 . 
Consequently the absorption effects can be neglected for devices having a 
length of a few mm. 
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As shown above, the index of refraction of silicon due to free carriers is 
derived from the volume concentration of free charge carriers and their type 
(n or p). In the lowest approximation, the distribution of free charge carriers 
in the various regions is assumed to be rectangular in shape and field 
dependent. With no voltage applied, the n-type implanted regions will carry 
free electrons to a depth a, with a volume concentration of about 2.10 18 cm- 3 . 
The p-type in the region between implanted regions will carry free holes 
with volume concentration of about 10 17 cm- 3 . Thus, referring to Fig. 7, the 
index of refraction changes along the z-axis, to a depth of a in the upper side 
of the waveguide, look as shown in Fig. 8. 

Upon the application of negative voltage to the gate, a depletion region is 
formed in the n-type regions, thus reducing the index difference in these 
regions. In the p-type intervals an accumulation of holes will be formed, 
thus increasing the index difference. Consequently, at some voltage V, the 
index changes in the two regions will be equal, thus eliminating the index 
modulation along the z-axis. The amount of reflected light at the selected 
wavelength is dependent on the applied voltage. 

The Bragg reflectors of the invention can thus be used both for separating a 
signal having a given wavelength from a multitude of different wavelengths 
traveling along a waveguide and for modulating the signal by varying the 
voltage. According to a preferred embodiment of the invention, a device for 
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use in an all optical communication system, consists of a multitude of 
Bragg reflectors, "each one designed for a specific wavelength according to 
the principles described above, which are created in series along the length 
of the waveguide. 

In practice, the charge carriers are not distributed as nicely as depicted. The 
lateral PN junctions have depletion regions between them but with a period 
of one half of A, consequently the modulation elimination is not complete. 
However, the remnant modulation also has a period of one half of A, and 
thus does not directly interfere with the operation of the device. In order to 
get the exact shape, detailed simulation of the charge distributions as a 
function of field intensity is needed. 

An optical mode propagating in the waveguide interacts with the index 
modulation and part of it is scattered. Under proper design, the back 
scattered fraction from each period interferes constructively with the other 
back scattered fractions causing a reflection of the mode. 

The spatial structure of the relevant mode (TEi) will now be shown. 
Fig. 9 schematically shows the slab waveguide geometry, where m is the 
index of refraction in the silicon dioxide cladding layers, and n2 is the index 
of refraction in the waveguide. 
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The electromagnetic field has to obey the Helmholz equation in the 
waveguide, as depicted in Fig. 9. It can be shown that the electric and 
magnetic fields, for the TE modes are as follows: 



E y = Ae^e^e"**; H 2 =^e px e p V ip '; H x =-JLe • for xM 
E =Bcos(hx)e- jpz ; H, =-^sin(hx)e^ z ; H, =~£-E y ; for -d£x<d. 

7 (Oil CDJl 

E y =Ae- px e p V iPz ; H = -^e^e^e^ 2 ; H x =-^-E y ; for x£d. 
7 z o>n ojx 7 



Where A and B are integration constants and p, h and p are propagation 
constants. As the fields have to obey boundary conditions at +d and -d, only 
one integration constant is arbitrary and the relation between the two can 
be written as: 

A = Bcos(hd) 

Furthermore, the boundary conditions impose interrelations among the 
propagation constants (dispersion relation). They can be written as follows: 



k 0 =^; u = V(n 2 2 -n^'d 2 ; (pd) 2 + (hd) 2 =u 2 ; hd = u.cos(hd); andp 2 » k 0 2 n 2 2 -h 2 ; 
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These equations can be solved. The propagation constants for the TEi mode 
in a silicon waveguide with oxide cladding as a function of waveguide 
thickness (2d) are shown in Fig. 10, where p is outside the waveguide and h 
is inside. 

The arbitrary integration constant is chosen so that the power flux per unit 
length in y, i.e. in the unifo rm direction, is unity. Meaning: 

-ifE y H x dx = l 

On performing the integration and solving, one gets: 

a _ 2a>|xph 2 B 2 2(D^p 

Pa + pdXh'+p 2 )' , P(l + pd) 

For the corrugated waveguide, the coupled wave theory (Amnon Yariv, 
Optical Electronics, Fourth Edition, Saunders College Publishing, pp. 492- 
499) shows that the coupling constant, between the forward wave and the 
back reflected wave, is proportional to: 

^'^'-■ VKrt , 

And on modifying to include only the first harmonic of the square wave 
index modulation, one gets the coupling constant k: 

2to 2 _ 2v ph| 

K ~ x* (n * * p ^(l+pdXh^+p 1 ) 
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Applying the coupled wave theory to the mode parameters discussed and 
calculated above, yields the coupling coefficient which determines the 
length of the modulation region needed in order to obtain a certain value of 
the reflection. The general expression for the coupling "constant", which was 
derived above for the first order, can be written: 



calculation, the value of I is one, X is the wavelength (in microns), p, p and 
h are the propagation constants of the optical mode. The mode dependent 
part, depends on the waveguide thickness, 2di. These relations are 
discussed above. From the discussion hereinabove, one can calculate the 
mode dependent part of the coupling constant as a function of the 
waveguide thickness. The results of the calculations are shown in Fig. 11 for 
X = 1.5jx. 

It can be seen from Fig. 11 that the maximum is obtained for waveguide 
thickness of 0.064|i. In the remainder of this description, this number will 
be used for the waveguide thickness. Once this variable, as well as the 
wavelength have been chosen, all others are obtained from the waveguide 
theory. The waveguide features can be summarized, as follows: 




pA 2 



Pifl+PAXPi'+h, 1 ) 



Where, 1 is the modulation grating harmonic order. For the present 
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Waveguide thickness, 2di = 0.064ji, di= 0.032y. 
Wave-length, X = 1.5\i. 
Si refractive index (at X = 1.5ji), ns = 3.4205. 
Oxide refractive index, no = 1.46. 

Refractive index modulation, A(n*) = 2nAn = 2*3.4205*2 10- 3 = 0.0137. 

Grating period, 7i/pi = A = 0.4022fx. 

N+ region width, A/2 = 0.2011^1. 

N+ region depth, a = 0.03ji. 

Z propagation constant, pi = 7.8107p, 

X propagation constant (inside), hi = 12.01161a' 1 . 

X propagation constant (outside), pi = 4.8586fi vl . 

Auxiliary constant, ui =0.4146. 

Coupling constant, Ks = 5.3 10' 4 

The reflection coefficient of the mode depends on the length of the 
modulated section as follows: 

p = tanh(K s L) 

This relationship between the reflection coefficient and the length of the 
modulated section is shown graphically in Fig. 12. 

An optical signal at a different wave-length will behave differently as it will 
be detuned from the grating period. The reflection coefficient as a function 
of wave-length deviation, for a 4 mm long modulated section of waveguide is 
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shown in Fig. 13. The resonance wavelength is 1.5ji and the ofl&et, or 



deviation, from the resonance wavelength is measured in angstrom units. 



The poly-silicon electrode used for switching the device is in itself an optical 
waveguide. Since it is situated near the silicon waveguide a coupling can 
occur and optical energy can flow from the main waveguide to it (and back). 
If this coupling is strong enough, it will offset the operation of the main 
waveguide as depicted hereinabove. 

The derivation of the relationships governing the amount of optical power 
that leaks from one waveguide to another adjacent one is straightforward 
(Saleh and Teich, Fundamentals of Photonics. John Wiley & Sons, Inc., pp. 
264-269). The results show that if power is fed to one of the waveguides, 
along the propagation direction it will leak into the second one, further on, 
it will leak back to the first and so on. The amount of power behaves as a 
sin 2 (yz) along the propagation direction. The maximum power fed into the 
second waveguide is given by: 





e 



12 



= T(n. I -n 0 1 )^lcos(h I d 1 )e-' , ' (l ^ 



J-a, 
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Where the indices 1 and 2 refer to the appropriate waveguide and b, the 
thickness of the oxide layer, is the distance between the two. 



From these equations for the coupling between the two waveguides, the 
maximum amount of power that can leak from the main waveguide to the 
electrode as a function of poly-silicon thickness and oxide thickness (b) can 
be calculated. Fig. 14 shows the amount of power leakage, as a fraction of 
maximum mode power, from the main waveguide to the electrode as a 
function of oxide thickness (spacing between the waveguides) measured in 
microns. In the graphs of Fig. 14, the main waveguide has a thickness of 
0.064^ and the electrode a thickness of l|x, 0.3jx, 0.2^, and 0.1\i in lines a, b, 
c, and d respectively. 

From Fig. 14, it can be seen that workable parameters do exist. For 
example, an electrode ljim thick with an oxide cladding 200 Angstroms 
thick, will couple only 0.6% of the power. 

As was mentioned hereinabove, there is a wide range of variation for most 
of the parameters in the realization of a specific device. In the remainder of 
this description, the values of the parameters are chosen so as to be 
compatible with standard SOI CMOS processes. 
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In order to have a 5 volt operating device and maximum applied electric 
field of 2MV/cm/ a gate oxide thickness of 250A is chosen. The maximum 
induced charge in the MOS capacitor according to Gauss's law is 

Nmax =C 0 xXVgmax/q = 4.3X10 12 CDT 2 

The total implant dose in the N+ region is taken to he T.SxlO 12 cnr 2 so that 
upon the application of : 5V to the gate, , the N+ region will be partially 
depleted, leaving about 3xl0 12 cm" 2 free electrons. For the same gate 
voltage, an accumulation layer will be formed at the P regions with surface 
hole density of about 4.3X10 12 cm- 2 . Changing the gate voltage will change 
the electron and hole surface densities in opposite directions. 

At a specific value of the negative gate voltage, the effects of the two types 
of free carriers on the index of refraction will be the same, thus removing 
any modulation of the index of refraction along the waveguide. It is 
expected that the interaction of free holes with the electromagnetic wave is 
weaker than that of free electrons. Consequently a higher surface 
concentration of holes is chosen as compared to that of electrons in order to 
reach a condition of zero modulation when the negative gate voltage is 
applied. Under conditions of zero gate voltage, maximum modulation of the 
index of refraction exists since there is high surface density of free electrons 
and low density of free holes. 
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The amplitude of the modulation of the index of refraction is easily doubled 
by working with both polarities of the gate voltage. The doping levels of the 
N and P regions are altered such that at one polarity no modulation takes 
place while maximum modulation is obtained under the opposite polarity. 

It should be also mentioned that due to the fact that the silicon layer is 
isolated from the substrate, voltage can be applied to the substrate also, in 
addition to the gate electrode. This fact can be used for additional doubling 
of the effect by using the silicon substrate as an additional bottom gate. In 
the case of integration of several devices on the same silicon die, implanted 
wells in the substrate are selectively used as bottom gates. 

The concept behind the operation of the devices of the invention is based on 
the production of a relatively small electrically induced change in the value 
of the refractive index of the silicon core of the waveguide. This small 
change, on the order of 0.1%, is enhanced by the coherent contribution of 
thousands of elements of the periodic doping structure. In order to be able to 
use this small effect, any contribution to the modulation of the wave 
propagation, which has the same period but is not field dependent, must be 
eliminated in the manufacturing process of the devices. 



In the approach of post processing electron trapping, this constraint is 
automatically fulfilled. However, in the case of processing induced 
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modulation, this constraint imposes strict constraints on the structure of 
the device and its processing. For example, the use of modulation of the 
structure of the gate electrode is prohibited, since it will induce a much 
stronger modulation in the waveguide. A similar problem arises if the gate 
oxide layer is grown after the ion implantation of the donors forming the N+ 
regions. This is due to the fact that N+ silicon oxidizes faster than lightly 
doped silicon. The resulting modulation in the silicon layer thickness and 
oxide thickness introduces a prohibitive fixed modulation in the waveguide. 
For the same reason, the ion implantation into the silicon layer is performed 
after the thermal oxide growth and the thermal anneal of the implant 
damage is carried out after the deposition of the poly silicon gate electrode. 



According to a preferred embodiment of the invention, the device, including 
the waveguide, can be created by following a processing procedure 
comprising the following main steps: 
' a.) choosing a SOI wafer with proper layer thickness but with additional 
thickness to the top silicon layer that will be consumed by all the 
oxidation steps including the growth of the 250A gate oxide. The top 
silicon layer is P-type with acceptor density of 10 17 cm* 3 ; 

b. ) thin thermal oxide growth; 

c. ) thin nitride deposition; 

d. ) photolithography of the waveguide pattern; 

e. ) nitride etch; 
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f. ) definition of the waveguide pattern by local oxidation of silicon or by 

trench isolation; 

g. ) removal of top nitride and oxide; 

h. ) growth of the gate oxide; 

i. ) photolithography of the periodic N+ implant including contact regions; 
j.) ion implantation of arsenic: Dose=7.3xl0 12 cnr 2 - Energy=60 KeV; 

k.) poly silicon deposition; 
1.) poly silicon doping; 

m.) photolithography of the gate electrode; and 

n.) continuing with standard steps for contacts, metallization and 
passivation. 



It will be clear to those skilled in the art that many alternatives to the 
process described above which is intended to be illustrative and non- 
limitative. 

Regarding step i) above, as was discussed hereinabove, the wavelength 
chosen for the example used in the description of the preferred embodiment 
of the invention is 1.5jjl In this case, the width of the reflected mode is about 
15A, i.e. 0.1% of the wavelength. This imposes a required accuracy on the 
period of the lithography of the same order of magnitude. Conventional 
lithography may not have this accuracy. There are at least three methods of 
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overcoming this problem that may be employed in processing the devices of 
the invention: 

1. use of an e-beam for directly writing on the wafer; 

2. use of laser interferometry for directly writing on the wafer; and 

3. compensating for the fixed shift in the conventional lithography 
period by temperature change of the device during operation. 

If the device is a switching matrix having multiple optical inputs/outputs, 
then a second level of waveguides is constructed. These waveguides can 
have a silicon nitride core and a silicon oxide cladding. These waveguides 
are optically coupled to specific first level silicon waveguides and cross over 
other silicon waveguides. These, second level waveguides may also serve to 
improve the coupling to the input/output optical fibers. This is because their 
vertical cross-section is about 3 microns high as compared to about 0.2 
microns for the first level silicon waveguides. 

The technology of the present invention is completely based on silicon and 
consists of elements commonly used in very large scale integration (VLSI) 
manufacturing. As a result, when compared to many other electro-optic 
technologies and devices, the proposed technology is extremely reliable. Also 
the manufacturing of the devices of the invention is based on the extremely 
efficient and high yield silicon technology where, on a single wafer, many 
functional devices are obtained. The fact that the devices of the invention 
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are made of single crystal silicon, makes them relatively good candidates for 
automatic pig-tailing using V- groove technology, i.e. the devices of the 
invention are easily integrated into electro-optical systems. The fact that 
the electro-optical devices of the invention operate at gigahertz frequencies 
follows as a direct consequence of the fact that advanced SOI CMOS 
technology functions in this frequency regime. As a result of all of these 
facts in addition to the advantages described herein above, the technology 
and devices of the present invention represent a significant improvement 
over the prior art. 

Although embodiments of the invention have been described by way of 
illustration, it will be understood that the invention may be carried out with 
many variations, modifications, and adaptations, without departing from its 
spirit or exceeding the scope of the claims. 
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Claims 

1. A silicon wave-guide, with silicon oxide cladding on silicon 
substrate having metal oxide semiconductor (MOS) structures 
created at predetermined positions along the length of said wave- 
guide, said MOS structures comprising the following layers: 

a. a silicon substrate; 

b. a lower silicon-oxide cladding layer covering at least the 
part of said substrate under said wave-guide, 

c. said silicon waveguide created in a silicon layer formed 
above said lower silicon-oxide cladding layer; 

d. an upper silicon-oxide cladding layer covering said wave- 
guide; 

e. a poly-silicon or any other conductive layer deposited and 
patterned above said upper cladding; 

f. electrical contacts to said substrate, said silicon wave-guide, 
and said poly-silicon layer; and 

g. optionally, a protective dielectric layer; 

whereby, upon the application of a potential difference between at 
least two of the layers from the group comprising said substrate, 
said silicon wave-guide, and said poly-silicon layer, the free carrier 
concentration at the top and/or bottom layer of said silicon wave- 
guide is changed by the electric field resulting in a change in the 
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index of refraction, said change in the index of refraction causing 
a change in the optical mode propagating in said waveguide, said 
propagation being controlled by controlling said changes in said 
electric field. 

2. A silicon wave-guide according to claim 1, wherein the silicon 
substrate, the lower silicon-oxide cladding layer, and the silicon 
layer in which said wave- guide is created comprise a silicon on 
insulator (SOI) structure. 

3. A silicon waveguide according to claim 1, wherein the field used 
change in the optical mode propagating in said waveguide can be 
enhanced by additional predetermined localized changes in the 
optical properties of the waveguide. 

4. A silicon wave-guide according to claim 3, wherein the 
predetermined localized changes are achieved by a method chosen 
from the group comprising: 

a. lithographically controlled ion implantation during the wafer 
processing; and 

b. laser interference spatially modulated internal photo 
emission of electrons in the finished MOS structure which 
are consequently trapped in pre existing traps. 
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5. A silicon wave-guide according to claim 3, wherein the additional 
predetermined localized changes in the optical properties of the 
waveguide can be different for each of the MOS structures created 
along the length of said wave-guide. 

6. A silicon wave-guide according to claim 4, wherein the pre- 
existing traps are in an oxide-nitride-oxide dielectric structure. 

7. An electro-optical device comprising a wave-guide according to 
any one of claims 1 to 6. 

8. An electro-optical device according to claim 7, wherein said device 
is chosen from the group comprising: 

a. Mach-Zehnder interferometers; and 

b. Bragg reflectors. 

9. An electro-optical device according to claim 7, wherein said device 
can perform any of the wavelength selective functions needed in 
an optical communication system, said functions being chosen 
from the group including: 

a. modulation; 

b. demodulation; 
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c. multiplexing; 

d. demultiplexing; 

e. switching; and 

f. routing. 



10. An electro-optical device according to claim 7, comprised of 
multiple Bragg reflectors, each one designed to induce a change in 
a different optical mode selected from a multitude of optical modes 
propagating in the waveguide. 



11. A method for producing the waveguide of claims 1 to 6 comprising 
the following steps: 

a. choosing a SOI wafer with proper layer thickness; 

b. thin thermal oxide growth; 

c. thin nitride deposition; 

d. photolithography of the waveguide pattern; 

e. nitride etch; 

£ definition of the waveguide pattern by local oxidation of 
silicon or by trench isolation; 

g. removal of top nitride and oxide; 

h. growth of the gate oxide; 

i. photolithography of the periodic N+ implant including 
contact regions; 
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j. ion implantation of arsenic; 
k. poly silicon deposition; 
L poly silicon doping; 

m. photolithography of the gate electrode; and 
n. continuing with standard steps for contacts, metallization 
and passivation. 
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